Introduction
============

Heterogeneity is an essential characteristic of living organisms that allows rapid adaptive responses to changes in the environment. One manifestation of heterogeneity within individual cells is their asymmetric organization; multisubunit complexes, organelles, and other subcellular structures are most often not distributed homogeneously, giving the cell an inherent polarity. In multicellular organisms, intracellular asymmetries are responsible for the innumerable cases in which cell division produces two daughter cells with different characteristics that, in turn, give rise to different cell types ([@bib21]; [@bib1]; [@bib70]; [@bib72]). Within a single cell, asymmetry enables polarized responses to environmental cues such as axon outgrowth in neurons ([@bib61]) and the directional movement of motile cells ([@bib77]). One mechanism that generates or maintains asymmetry is the regulated trafficking of specific cellular components ([@bib69]; [@bib52]; [@bib59]). The microtubule cytoskeleton is a key player in intracellular transport and is itself inherently asymmetric as a result of age differences between the two centrosomes/basal bodies that nucleate the microtubules ([@bib55]; [@bib10]; [@bib2]; [@bib64]; [@bib79]; [@bib83]) and the inherent directionality of the tubulin polymer ([@bib43]; [@bib7]).

*Chlamydomonas reinhardtii*, a unicellular photosynthetic alga, has long served as an excellent model system with which to study the assembly, maintenance, and function of asymmetric cytoskeletal structures that allow the cell to respond to environmental cues ([@bib28]; [@bib26]; [@bib45]). *C. reinhardtii* ([Fig. 1 a](#fig1){ref-type="fig"}) has two anterior flagella that beat in a breaststroke-like pattern, which propels the cell toward or away from light (phototaxis; [@bib80]), Earth (gravitaxis; [@bib84]; [@bib65]), or a variety of biologically relevant molecules (chemotaxis; [@bib71]; [@bib15]). Flagellar assembly is nucleated by two anterior basal bodies: the mother basal body, which was present throughout the previous cell cycle, and the daughter basal body, which was assembled during the previous cell cycle. The mother and daughter basal bodies differ in both their ultrastructure and their complement of associated proteins ([@bib10]; [@bib19]), differences that presumably underlie the asymmetric beating patterns of the two flagella ([@bib34]; [@bib33]; [@bib75]; [@bib68]) and the ability of the mother, but not the daughter, basal body to assemble a flagellum in the *uni* (uniflagellate) mutant background ([@bib29]; [@bib11]; [@bib54]; [@bib53]). The basal bodies are thought to serve also as organizing centers for cytoplasmic microtubules, including the four acetylated microtubule rootlets that lie just beneath the cell membrane and extend from the basal bodies toward the posterior end of the cell ([@bib63]). Each basal body is associated with two rootlets, one that comprises two microtubules and one that comprises four microtubules in a three-over-one configuration ([@bib48]; [@bib42]; [@bib19]; [@bib27]). Observed from the flagellar pole, the four acetylated rootlets form a cruciate pattern that is offset from the plane of the flagella by 45°. The two four-membered rootlets, which are directly opposite one another, play a critical role in formation of the phycoplast at the cleavage plane during cytokinesis ([@bib32]; [@bib28]; [@bib13]).

![**The *C. reinhardtii* eyespot.** (a) A diagram illustrating asymmetric localization of the eyespot relative to the cytoskeleton. Two flagella and four microtubule rootlets extend from a pair of basal bodies at the anterior end of the cell; both the mother basal body (small black oval) and the daughter basal body (small gray oval) are associated with a four-membered rootlet (M4 or D4) and a two-membered rootlet (M2 or D2). The single eyespot (large oval) is associated with the four-membered daughter rootlet (D4), and the flagellum assembled from the daughter basal body is termed the cis-flagellum, whereas the trans-flagellum is assembled from the mother basal body. (b) A light micrograph of a wild-type *C. reinhardtii* cell showing the single large equatorial eyespot. (c) A diagram illustrating the components of the eyespot. Rhodopsin photoreceptors, including ChR1 (light gray ovals), in the plasma membrane (PM) directly apposed to the chloroplast envelopes (CE) and layers of carotenoid pigment granules (dark gray circles) subtended by thylakoid membrane (TM). The microtubules of the D4 rootlet are arranged in a three-over-one pattern. (d) A diagram of a *C. reinhardtii* cell (as in panel a) illustrating measurements discussed throughout the text and listed in [Table I](#tbl1){ref-type="table"}. L, cell length; R1, distance from the basal bodies to the tip of the most extensively acetylated rootlet; R2, distance from the basal bodies to the tip of the second most extensively acetylated rootlet; E1, distance from the basal bodies to the posterior edge of ChR1 photoreceptor--specific fluorescence.](JCB_201009131_GS_Fig1){#fig1}

After each cell division, the eyespot, the photoreceptive organelle required for phototaxis, is assembled de novo at an equatorial location opposite the cleavage furrow, adjacent to the newly formed daughter four-membered microtubule rootlet (D4; [Fig. 1 a](#fig1){ref-type="fig"}, D4; [@bib28]). The eyespot must be located at a specific position relative to the flagellar plane for photoreceptor activation and the resulting influx of Ca^2+^ to elicit movement in the correct direction ([@bib18]; [@bib34]; [@bib67]; [@bib80]). In the light microscope ([Fig. 1 b](#fig1){ref-type="fig"}), the eyespot is visible as an orange-red oval ∼1 µm in length located at the equator of the cell and is the most readily observable asymmetric feature of the otherwise green cells ([@bib9]; [@bib35]; [@bib37]). At the eyespot, rhodopsin photoreceptors in the plasma membrane lie directly over the closely apposed chloroplast envelope ([Fig. 1 c](#fig1){ref-type="fig"}; [@bib44]; [@bib9]; [@bib37]). Two or three organized rows of carotenoid-filled lipid granules separated by thylakoid membrane are packed under the envelope and give the eyespot its orange color. The pigment granule layers reflect orthogonal light toward the photoreceptors and block light originating from other directions ([@bib18]). The placement and assembly of the eyespot is a unique example of asymmetric localization of a multicompartmental organelle in a well-characterized model system.

Several observations led to the long-standing hypothesis that asymmetric aspects of the *C. reinhardtii* cytoskeleton dictate eyespot placement ([@bib28]; [@bib14]; [@bib37]). First, phototaxis requires specific localization of the eyespot relative to the flagella ([@bib18]). Second, observation of the eyespot pigment granule layers by bright field microscopy revealed that the eyespot was precisely positioned relative to other cytoskeletal structures throughout the cell cycle ([@bib28]). Third, EM and freeze-fracture studies showed a close association between the D4 rootlet and the eyespot ([@bib24]; [@bib44]). However, the molecular mechanisms involved in eyespot assembly have remained uncharacterized. Are the photoreceptors associated with the D4 rootlet, as was previously observed for the pigment granule layers ([@bib44]; [@bib28])? Is photoreceptor and/or pigment granule layer localization perturbed in mutants with supernumerary or disorganized cytoskeletal components? Does the *mlt1* mutation, which leads to the assembly of two or more stacks of pigment granule layers on opposite sides of the cell ([@bib38]), also affect localization of the photoreceptor? Does localization of the photoreceptor in the plasma membrane direct assembly of the pigment granule layers in the chloroplast, or vice versa? Alternatively, are eyespot components within each compartment localized independently?

To analyze the relationship between the Channelrhodopsin 1 (ChR1) photoreceptor and acetylated microtubules in both wild-type cells and in cells with mutations in cytoskeletal proteins, we have used indirect immunofluorescence with antibodies directed against one of the major photoreceptors, ChR1 ([@bib50]; [@bib73]; [@bib23]; [@bib4]), and against acetylated tubulin, which specifically labels the flagella, basal bodies, and microtubule rootlets ([@bib56]; [@bib42]). The data are consistent with the hypothesis that eyespot placement is dictated by the cytoskeleton, specifically by properties of the D4 rootlet. In wild-type cells, ChR1 was present in a single oval patch adjacent to the D4 daughter microtubule rootlet. In cells with mutations resulting in variable numbers of basal bodies and the associated rootlets, multiple ChR1 patches remained associated with acetylated microtubules. In *mlt1* mutant cells, multiple ChR1 patches that were associated with acetylated microtubules in both longitudinal halves of the cell were more anterior than in wild type, and the extent of acetylation along the D4 rootlet was diminished. However, the most posterior ChR1 patches were preferentially associated with daughter rootlets in *mlt1 uni1* double mutant cells, suggesting that the *mlt1* mutation perturbs the ChR1 localization process but does not lead to a complete loss of cellular asymmetry. ChR1 was also detected in spots at the anterior of the cell near the basal bodies and in a stripe along the D4 rootlet, suggestive of a model in which ChR1 is delivered from the Golgi to an anterior region of the plasma membrane, where it then diffuses or is transported along the D4 rootlet to its final equatorial location. In all strains, the pattern of pigment granule layer placement observed by light microscopy was similar to the pattern of ChR1 localization. Thus, we propose that asymmetric photoreceptor localization is a key step in eyespot assembly, promoting organization of the pigment granule and chloroplast membrane layers beneath the photoreceptor patch.

Results
=======

The ChR1 eyespot photoreceptor is associated with the most extensively acetylated daughter rootlet
--------------------------------------------------------------------------------------------------

Previous microscopic studies described an association between the daughter four-membered acetylated microtubule rootlet (D4) and the pigment granule layers in the chloroplast portion of the eyespot ([Fig. 1, a--c](#fig1){ref-type="fig"}; [@bib24]; [@bib44]; [@bib28]). Here, we have used immunofluorescence microscopy to explore the relationship between the D4 rootlet and the eyespot photoreceptor ChR1 in the plasma membrane. Methanol-fixed cells were double labeled with a monoclonal antiacetylated tubulin antibody ([@bib56]; [@bib42]) and polyclonal serum directed against ChR1, an eyespot rhodopsin photoreceptor ([@bib4]). In each wild-type cell, a single large, oval equatorial patch of ChR1 was observed ([Fig. 2, a--c and j--l](#fig2){ref-type="fig"}) that was 0.94 ± 0.18 µm in length ([Table I](#tbl1){ref-type="table"}). From the basal bodies, the distance to the posterior edge of the ChR1 patch relative to the length of the cell was 0.61 ± 0.06 ([Fig. 1 d](#fig1){ref-type="fig"}, E1/L; and [Table I](#tbl1){ref-type="table"}). The ChR1 patch was either adjacent to or overlapping with one of the microtubule rootlets, which are known to be highly acetylated relative to other cytoplasmic microtubules ([@bib42]). The ChR1 patch was to the right of the rootlet (counterclockwise if looking down the long axis of the cell from the flagellar pole; [Figs. 2 c](#fig2){ref-type="fig"} and [3 d](#fig3){ref-type="fig"}) in 57% of the cells (*n* = 105), whereas in 43% of the cells, the ChR1 patch was to the left of the rootlet (clockwise if looking down the long axis of the cell from the flagellar pole; [Fig. 3 a](#fig3){ref-type="fig"}).

![**The daughter microtubule rootlet is highly acetylated and is associated with the ChR1 photoreceptor.** (a--l) Fluorescence micrographs of wild-type cells (a--c, g, h, and j--l) or *uni1* cells (d--f and i), which only assemble the trans-flagellum, labeled with antiacetylated tubulin (green, b, e, and k) and anti-ChR1 (red, a, d, g, and j). Combined anti-ChR1 and antiacetylated tubulin fluorescence is shown in c, f, h, i, and l. A single patch of ChR1 was associated with the D4 rootlet in both wild-type and *uni1* cells. (g--i) Magnified images of the ChR1 stripe (red arrows) observed along the rootlet in some wild-type (g and h) and *uni1* (i) cells. (j--l) Combined fluorescence micrograph of wild-type cells labeled with anti-ChR1 (red) and antiacetylated tubulin (green) illustrates the association of the ChR1 patch with the most highly acetylated rootlet in wild-type cells in which R1/L = 0.68 ± 0.12 (*n* = 258), R1/R2 = 1.87 ± 0.58 (*n* = 131), and E1/L = 0.61 ± 0.06 (*n* = 128; [Table I](#tbl1){ref-type="table"}). The mean anterior--posterior length of the ChR1 patch was 0.94 ± 0.18 µm (*n* = 54). Bars: (a--i) 2 µm; (j--l) 5 µm.](JCB_201009131_RGB_Fig2){#fig2}

![**Acetylation extends to the end of the D4 microtubule rootlet in most wild-type cells.** (a--i) Combined fluorescence micrographs of wild-type cells labeled with antiacetylated tubulin (green, a, d, and g), anti-ChR1 (red), and antitubulin (blue, b, e, and h) antibodies. The cells in a--c and g--i were labeled with antitubulin that was directly conjugated to Alexa Fluor 488, whereas isotype-specific secondary antibodies were used to detect the acetylated tubulin-- and tubulin-specific fluorescence in the cell in d--f (see Materials and methods). (a--f) Two cells in which the acetylated tubulin--specific fluorescence extended to the posterior end of the tubulin-specific fluorescence (yellow arrows), as was the case for 61 of the 78 cells examined (top right diagram). The acetylated tubulin-- and tubulin-specific fluorescence extended 0.75 ± 0.48 µm beyond the posterior edge of the ChR1 patch (*n* = 63). (g--i) A cell in which the tubulin-specific fluorescence extended beyond the posterior end of the acetylated tubulin--specific fluorescence (yellow arrows), as was the case for 17 of the 78 cells examined (bottom right diagram). For clarity, g--i are single images from the Z series (see Materials and methods).](JCB_201009131_RGB_Fig3){#fig3}

###### 

Acetylated microtubule rootlet length and eyespot position in wild-type, *mlt1*, and *mlt1 uni1* cells

  Exp   Strain                                                         *n*[a](#tblfn1){ref-type="table-fn"}   R1/L[b](#tblfn2){ref-type="table-fn"}   *n* (R2)[c](#tblfn3){ref-type="table-fn"}   R1/R2[d](#tblfn4){ref-type="table-fn"}   E1/L[e](#tblfn5){ref-type="table-fn"}   E[f](#tblfn6){ref-type="table-fn"}   E1 at D[g](#tblfn7){ref-type="table-fn"}   *n* (E2)[h](#tblfn8){ref-type="table-fn"}   E2/L          E2 at D[i](#tblfn9){ref-type="table-fn"}
  ----- -------------------------------------------------------------- -------------------------------------- --------------------------------------- ------------------------------------------- ---------------------------------------- --------------------------------------- ------------------------------------ ------------------------------------------ ------------------------------------------- ------------- ------------------------------------------
                                                                                                                                                                                                                                                                                   *µm*                                                                                                                                      
  1     Wild type                                                      54                                     0.66 ± 0.11                             50                                          1.85 ± 0.62                                                                                                                                                                                                                
  2     Wild type                                                      51                                     0.66 ± 0.12                             36                                          2.02 ± 0.53                                                                                                                                                                                                                
  3     Wild type                                                      53                                     0.58 ± 0.12                             45                                          1.78 ± 0.56                                                                                                                                                                                                                
  4     Wild type                                                      100                                    0.75 ± 0.10                                                                                                                                                                                                                                                                                                    
  1     *mlt1*                                                         36                                     0.50 ± 0.12                             33                                          1.33 ± 0.23                                                                                                                                                                                                                
  2     *mlt1*                                                         50                                     0.38 ± 0.14                             47                                          1.42 ± 0.50                                                                                                                                                                                                                
  3     *mlt1*                                                         50                                     0.44 ± 0.12                             50                                          1.55 ± 0.46                                                                                                                                                                                                                
  4     *mlt1*                                                         96                                     0.63 ± 0.15                                                                                                                                                                                                                                                                                                    
  5     Wild type                                                      22                                     0.69 ± 0.09                                                                                                                  0.60 ± 0.06                             1.02 ± 0.19                                                                                                                               
  6     Wild type                                                      13                                     0.74 ± 0.10                                                                                                                  0.65 ± 0.05                             0.93 ± 0.14                                                                                                                               
  7     Wild type                                                      19                                     0.66 ± 0.11                                                                                                                  0.58 ± 0.05                             0.84 ± 0.15                                                                                                                               
  8     Wild type                                                      45                                     0.71 ± 0.07                                                                                                                  0.61 ± 0.06                                                                                                                                                                       
  9     Wild type                                                      29                                     0.74 ± 0.10                                                                                                                  0.64 ± 0.06                                                                                                                                                                       
  10    Wild type                                                      11                                                                                                                                                                  0.63 ± 0.06                                                                                                                                                                       
  11    Wild type                                                      16                                                                                                                                                                  0.63 ± 0.07                                                                                                                                                                       
  12    Wild type                                                      7                                                                                                                                                                   0.63 ± 0.05                                                                                                                                                                       
  13    Wild type                                                      35                                                                                                                                                                  0.67 ± 0.09                                                                                                                                                                       
  15    *mlt1*                                                         27                                                                                                                                                                  0.32 ± 0.13                                                                                                             16                                          0.23 ± 0.07   
  16    *mlt1*                                                         100                                                                                                                                                                 0.36 ± 0.10                                                                                                             42                                          0.27 ± 0.07   
  17    *mlt1 uni1* uniflag. cells[j](#tblfn10){ref-type="table-fn"}   20                                                                                                                                                                  0.37 ± 0.15                                                                  17                                         11                                          0.19 ± 0.05   9
  18    *mlt1 uni1* uniflag. cells                                     51                                                                                                                                                                  0.43 ± 0.15                                                                  41                                         23                                          0.24 ± 0.08   8
  18    *uni1*                                                         32                                                                                                                                                                  0.61 ± 0.10                                                                  31                                                                                                   

Exp, experiment number. Individual experiments were performed at separate times using unique cultures. Cells were analyzed by indirect immunofluorescence using antibodies specific for acetylated tubulin or the eyespot photoreceptor ChR1.

Number of cells analyzed.

Distance from the basal bodies to the end of the most highly acetylated rootlet (R1) relative to the anterior--posterior length of the cell (L), as diagrammed in [Fig. 1 d](#fig1){ref-type="fig"}. Each number presented is the mean of ratios obtained from individual cells and includes the SD within the experiment. R1/L values obtained from wild-type cells in experiments 1−4 (mean R1/L = 0.68 ± 0.12, *n* = 258) were significantly different than those obtained from *mlt1* cells (mean R1/L = 0.51 ± 0.17, *n* = 232) with P (0.05) = 1.6 × 10

Number of cells in which the distance from the basal bodies to the second most highly acetylated rootlet (R2) was measured.

R1/R2 values obtained from wild-type cells in experiments 1--3 (mean R1/R2 = 1.87 ± 0.58, *n* = 131) were significantly different than those obtained from *mlt1* cells (mean R1/R1 = 1.44 ± 0.44, *n* = 130) with P (0.05) = 1.5 × 10^−10^.

Distance from the basal bodies to the posterior end of the single ChR1 patch (wild-type and *uni1* cells) or the most posterior ChR1 patch (*mlt1* and *mlt1 uni1* cells; E1) relative to the anterior--posterior length of the cell (L), as diagrammed in [Fig. 1 d](#fig1){ref-type="fig"}. Each number presented is the mean of ratios obtained from individual cells and includes the SD within the experiment. E1/L values obtained from wild-type cells in experiments 5--13 (mean E1/L = 0.61 ± 0.06, *n* = 128) were significantly different than those obtained from *mlt1* cells in experiments 15 and 16 (mean E1/L = 0.35 ± 0.10, *n* = 126) with P (0.05) = 2.0 × 10^−63^ or from *mlt1 uni1* cells in experiments 17 and 18 (0.41 ± 0.15, *n* = 71) with P (0.05) = 1.4 × 10^−17^. E1/L values obtained from *uni1* cells in experiment 18 (mean E1/L = 0.61 ± 0.1, *n* = 34) were not significantly different than wild-type values but were significantly different than those obtained from *mlt1 uni1* cells with P (0.05) = 1.1 × 10^−17^.

Anterior--posterior length of the ChR1 patch of the wild-type eyespot. The mean wild-type E = 0.94 ± 0.18 µm (*n* = 54, experiments 5--8).

Number of *uni1* or *mlt1 uni1* cells in which the most posterior ChR1 patch was associated with a daughter rootlet.

Number of *mlt1* or *mlt1 uni1* cells in which the distance from the basal bodies to the second most posterior ChR1 patch (E2) was measured.

Number of *mlt1 uni1* cells in which the second most posterior ChR1 patch was associated with a daughter rootlet.

Uniflagellate *mlt1 uni1* cells in which the association between ChR1 and the mother versus daughter halves of the cell was clear were chosen for analysis. Cells were from any one of six *mlt1 uni1* spores.

To verify that the ChR1-associated rootlet was a daughter rootlet, *uni1* mutant cells were labeled with the antiacetylated tubulin and anti-ChR1 antibodies ([Fig. 2, d--f and i](#fig2){ref-type="fig"}). The vast majority of *uni1* cells are uniflagellate because they fail to assemble the cis-flagellum from the daughter basal body ([@bib29]). In 97% of *uni1* cells in which the identity of the daughter basal body and associated rootlet was clear (*n* = 172), the ChR1 patch was associated with a daughter rootlet. Based on previous studies, we assume that the ChR1-associated daughter rootlet was D4 ([@bib24]; [@bib28]). Therefore, as observed for the pigment granules, the ChR1 photoreceptor is specifically and closely associated with the D4 rootlet.

In some wild-type and *uni1* cells, ChR1 was also observed in a stripe along the D4 rootlet ([Fig. 2, c and f](#fig2){ref-type="fig"}). The percentage of cells in which the ChR1 stripe along the D4 rootlet was observed varied between experiments from ∼10% to \>50%, perhaps because the presence of ChR1 on the rootlet is restricted to a specific portion of the cell cycle. The ChR1-specific stripe of fluorescence extended from the equatorial ChR1 patch toward the region of the basal bodies, following the path of the D4 rootlet exactly. In some edge-on micrographs ([Fig. 2, g--i](#fig2){ref-type="fig"}), the ChR1 stripe could be seen along the outer surface of the acetylated microtubules.

Upon closer examination of the pattern of antiacetylated tubulin fluorescence in wild-type and *uni1* cells, we noted that in most cells, one microtubule rootlet appeared consistently longer than the other distinguishable rootlets ([Fig. 2, j--l](#fig2){ref-type="fig"}). The mean distance from the basal bodies to the tip of the discernable antiacetylated tubulin fluorescence of this longest rootlet relative to the length of the cell was 0.68 ± 0.12 ([Fig. 1 d](#fig1){ref-type="fig"}, R1/L; and [Table I](#tbl1){ref-type="table"}). Thus, in most cells, this longest rootlet extended beyond the longitudinal midpoint (or equator) of the cell. On average, R1 was 1.87 ± 0.58--fold greater than the distance from the basal bodies to the tip of the discernable fluorescence along the second longest rootlet ([Fig. 1 d](#fig1){ref-type="fig"}, R1/R2; and [Table I](#tbl1){ref-type="table"}). In 81% of wild-type cells (*n* = 181) and 83% of *uni1* cells (*n* = 292), the ChR1 patch was associated with R1 ([Fig. 2 l](#fig2){ref-type="fig"}). The ChR1 patch was associated with one of two approximately equal length rootlets in 14% of wild-type and 12% of *uni1* cells and with a rootlet other than the longest in only 5% of either wild-type or *uni1* cells. Therefore, the more extensively acetylated rootlet is the D4 rootlet, and rootlet acetylation and/or length is an additional manifestation of asymmetry in the *C. reinhardtii* cell.

The D4 rootlet is acetylated along its entire length in the majority of wild-type cells
---------------------------------------------------------------------------------------

Acetylation of the D4 rootlet extended just beyond the posterior edge of the photoreceptor patch in the majority of wild-type cells (mean extension = 0.75 ± 0.48 µm, *n* = 63 cells). This raised the possibility that the extent of rootlet acetylation is regulated by an anterior--posterior marker, perhaps even the eyespot. Alternatively, the extent of acetylation might simply be determined by the length of the microtubules themselves. To distinguish between these possibilities, wild-type cells were triple labeled with anti-ChR1, antiacetylated tubulin, and antitubulin antibodies using two different protocols (see Materials and methods; [Fig. 3](#fig3){ref-type="fig"}). In 78% of cells in which the acetylated tubulin versus tubulin staining along the D4 rootlet was clear (*n* = 78 cells in three experiments), acetylation extended to the end of the D4 tubulin--specific fluorescence (two cells shown in [Fig. 3, a--f](#fig3){ref-type="fig"}). The microtubules extended beyond the acetylated tubulin--specific fluorescence in 22% of the cells ([Fig. 3, g--i](#fig3){ref-type="fig"}). The length of the nonacetylated extension was variable, averaging 0.94 ± 0.53 µm. These data indicate that the D4 rootlet is not necessarily acetylated along its entire length, suggesting that the extent of acetylation is regulated by additional factors. In these experiments, the D4 rootlet was distinguishable from other microtubules by its association with the ChR1 patch. However, we could not unequivocally distinguish the other rootlets from nonrootlet microtubules, so we could not compare the actual lengths of those rootlets with that of the D4 rootlet.

Eyespots are localized to both halves of the cell in *mlt1* mutants
-------------------------------------------------------------------

*mlt1* mutant cells were initially described as having two eyespots that were placed either on the same side of the cell or 180° from one another in approximately equal numbers ([@bib38]). Bright field micrographs of individual *mlt1* mutant cells are shown in [Fig. 4 a](#fig4){ref-type="fig"}. One eyespot was observed in only 19% (*n* = 188) of the *mlt1* cells examined, whereas 62% contained two eyespots and 19% contained three or more eyespots. In *C. reinhardtii*, a plane perpendicular to the plane of the flagella divides the cis and trans halves of the cell containing cytoskeletal structures associated with the daughter or mother basal bodies, respectively ([@bib28]). Referencing this plane in *mlt1* cells with two eyespots (*n* = 117), both eyespots appeared to be in the same half of the cell in 59% of the cells and in different longitudinal halves in 41% of the cells.

![**The *mlt1* mutation leads to the assembly of eyespots in both the cis and trans halves of the cell.** (a) Light micrographs of *mlt1* mutant cells with two eyespots on the same side of the cell, eyespots in both the cis and trans halves of the cell, or three eyespots. The eyespots are indicated by arrows. (b) Combined fluorescence micrographs of *mlt1* mutant cells labeled with antiacetylated tubulin (green) and anti-ChR1 (red). The arrow points to a large patch of ChR1 at the anterior end of a cell. In *mlt1* cells, R1/L = 0.51 ± 0.17 (*n* = 232), R1/R2 = 1.44 ± 0.44 (*n* = 130), and E1/L = 0.35 ± 0.10 (*n* = 126; [Table I](#tbl1){ref-type="table"}). (c) Combined fluorescence micrographs of *mlt1* cells labeled with antiacetylated tubulin (green), anti-ChR1 (red), and antitubulin (blue) using isotype-specific secondaries for detection of antiacetylated tubulin and antitubulin (see Materials and methods). The arrow points to a large patch of ChR1 at the anterior end of a cell.](JCB_201009131_RGB_Fig4){#fig4}

To examine the localization of the ChR1 photoreceptor and its relationship to the microtubule rootlets in the *mlt1* mutant, cells were labeled with antiacetylated tubulin and anti-ChR1 only ([Fig. 4 b](#fig4){ref-type="fig"}) or in combination with antitubulin ([Fig. 4 c](#fig4){ref-type="fig"}). The majority of cells contained two or three larger patches of ChR1, and many additionally contained one to three small ChR1 patches. The ChR1 patches were more anterior in *mlt1* cells than in wild-type cells; the distance from the basal bodies to the posterior edge of the most posterior ChR1 patch relative to the length of the cell (E1/L) was 0.35 ± 0.10 ([Table I](#tbl1){ref-type="table"}), which differed significantly from E1/L in wild-type cells (0.61 ± 0.06; [Table I](#tbl1){ref-type="table"}). Aberrantly, ∼10% of the cells had large patches of ChR1 at the very anterior end of the cell near the basal bodies ([Fig. 4, b and c](#fig4){ref-type="fig"}, arrows), which were not included in the E1/L measurements. Although an association between these anterior ChR1 patches and a microtubule rootlet was unclear, the majority of ChR1 patches in *mlt1* cells were clearly adjacent to an acetylated rootlet. In 53% of cells with two rootlet-associated photoreceptor patches (*n* = 153), both patches were associated with a single rootlet, whereas in 47% of these cells, the ChR1 patches were associated with two rootlets. These data indicate that the *mlt1* mutation leads to the assembly of extraneous, nonequatorial ChR1 patches on rootlets other than D4.

In *mlt1* cells, antiacetylated tubulin--specific labeling of the ChR1-associated rootlets did not extend as far along the anterior--posterior axis of the cell as that of the D4 rootlet in wild-type cells. The mean distance from the basal bodies to the tip of the discernable fluorescence along the longest rootlet relative to the length of the cell (R1/L) was 0.51 ± 0.17 ([Table I](#tbl1){ref-type="table"}), which was significantly smaller than the R1/L measured in wild-type cells (0.68 ± 0.12; [Table I](#tbl1){ref-type="table"}). In *mlt1* cells, the ratio of the distance to the tip of the longest rootlet compared with that of the second longest rootlet (R1/R2) was 1.44 ± 0.44 ([Table I](#tbl1){ref-type="table"}), which was also significantly different than that measured for wild-type cells (1.87 ± 0.58; [Table I](#tbl1){ref-type="table"}). As R2 in *mlt1* cells was similar to wild type, the decrease in R1/R2 appeared to be a specific change in the length of acetylated R1 (the D4 rootlet in most wild-type cells).

The most posterior photoreceptor patch remains associated with a daughter rootlet in *mlt1 uni1* double mutant cells
--------------------------------------------------------------------------------------------------------------------

Has asymmetric placement of the eyespot been completely lost in *mlt1* cells? Alternatively, in cells with multiple eyespots on the same side of the cell, do the eyespots remain associated with the daughter rootlet? To answer these questions, six *mlt1 uni1* double mutant strains were obtained from the spores of three nonparental ditype tetrads from a *mlt1* × *uni1* cross. All six double mutant strains had similar phenotypes, and data obtained from all of the strains were combined. Over half of the *mlt1 uni1* double mutant cells had more than one eyespot ([Fig. 5, a--c](#fig5){ref-type="fig"}). 54% of *mlt1 uni1* cells (*n* = 822) were uniflagellate, whereas 24% were biflagellate and 23% were aflagellate. As the single flagellum is templated by the mother basal body in *uni1* cells ([@bib29]), we assumed that the same was true for the *mlt1 uni1* uniflagellate cells and proceeded to analyze the location of the ChR1 patches relative to the mother basal body and flagellum. The position of ChR1 patches along the anterior--posterior axis of these cells was also measured. In uniflagellate *mlt1 uni* cells ([Fig. 5, d--g](#fig5){ref-type="fig"}), the distance from the basal bodies to the most posterior ChR1 patch relative to the length of the cell (E1/L) was 0.41 ± 0.15 ([Table I](#tbl1){ref-type="table"}), which was significantly different than that of either wild-type or *uni1* cells (E1/L = 0.61 ± 0.10; [Table I](#tbl1){ref-type="table"}). In uniflagellate cells in which the association was clear, 82% of the most posterior patches of ChR1 were along rootlets associated with the daughter basal body (*n* = 71). In contrast, the second most posterior ChR1 patch (E2/L = 0.23 ± 0.08; [Table I](#tbl1){ref-type="table"}) was associated with the daughter basal body in only 50% of the cases examined (*n* = 34). These data indicate that the asymmetry of ChR1 localization is perturbed but is not completely lost in *mlt1* mutant cells.

![**The most posterior photoreceptor patch remains associated with a daughter rootlet in *mlt1 uni1* double mutant cells.** (a--c) Bright field micrographs of *mlt1 uni1* cells that contained two eyespots (arrows). (d--f) Combined fluorescence micrographs of individual *mlt1 uni1* uniflagellate cells labeled with antiacetylated tubulin (green) and anti-ChR1 (red). The most posterior patch of ChR1-specific fluorescence was associated with a daughter acetylated rootlet in 82% of *mlt1 uni1* uniflagellate cells (*n* = 71), whereas the second most posterior ChR1 patch was associated with the daughter rootlet in 50% of the cells examined (*n* = 34). (g) A uniflagellate *mlt1 uni1* cell labeled with anti-ChR1 (red) and antiacetylated tubulin (green) that contained both anterior ChR1 and two ChR1 patches (arrows). The most posterior ChR1 patch was associated with a daughter microtubule rootlet.](JCB_201009131_RGB_Fig5){#fig5}

Multiple eyespots are associated with acetylated tubulin in cells with mutations in cytoskeletal proteins
---------------------------------------------------------------------------------------------------------

If localization of the eyespot is directed by asymmetric properties of the cytoskeleton, mutations that affect cytoskeletal organization would be expected to also affect eyespot placement. To test this hypothesis, eyespots in *asq2-1*, *vfl2*, and *bld2-1* mutant cells were analyzed by bright field and immunofluorescence microscopy. *ASQ2* encodes a conserved protein with three tubulin-binding cofactor C domains and is required for control of centriole number and positioning; *asq2-1* mutants have variable numbers of centrioles and flagella, and the daughter centrioles are often mislocalized to a more posterior position in the cell ([@bib17]; [@bib16]). 34% of *asq2-1* cells (*n* = 92) had two or more eyespots visible by light microscopy ([Fig. S1, a and b](http://www.jcb.org/cgi/content/full/jcb.201009131/DC1)), and 37% (*n* = 264) had two or more patches of anti-ChR1 fluorescence ([Fig. 6 a](#fig6){ref-type="fig"}). In 83% of *asq2-1* cells with two ChR1 patches (*n* = 124), both patches were clearly associated with acetylated tubulin.

![**ChR1 is associated with acetylated microtubules in cells with mutations in cytoskeletal proteins.** (a--c) Combined fluorescence micrographs of *asq2-1* cells (a), *vfl2* cells (b), or *bld2-1* (c) cells labeled with antiacetylated tubulin (green) and anti-ChR1 (red).](JCB_201009131_RGB_Fig6){#fig6}

*vfl2* cells have variable numbers of basal bodies and flagella as a result of defects in basal body segregation during cell division caused by a mutation in centrin *(*[@bib81], [@bib82]; [@bib74]), a conserved calcium-binding protein present in several basal body substructures ([@bib20]). In agreement with previous observations of centrin-deficient cells ([@bib36]), 19% of *vfl2* cells (*n* = 145) had two eyespots visible by light microscopy (Fig. S1, c and d), whereas 32% (*n* = 485) had two patches of ChR1 ([Fig. 6 b](#fig6){ref-type="fig"}). As for the *asq2* mutant, both patches of ChR1 were clearly associated with acetylated tubulin in 84% of *vfl2* mutant cells with two ChR1 patches (*n* = 121).

The *BLD2* gene encodes ε-tubulin, a conserved component of basal bodies ([@bib12]). *bld2-1* cells lack basal bodies, are aflagellate, and have disorganized microtubule rootlets ([@bib22]; [@bib14]). 75% of *bld2-1* cells (*n* = 126) had a single eyespot visible with the light microscope (Fig. S1, e and f), 11% had no eyespot, and 14% had two eyespots. By immunofluorescence, at least 45% of *bld2-1* cells (*n* = 179) had a single patch of ChR1, 5% had two patches, and up to 50% did not have clearly discernable ChR1 patches. The discrepancy between the number of *bld2* cells that contained pigment granule patches and the number that contained ChR1 patches can be explained by the observation that the pigment granule patches were extremely small in some *bld2* cells (Fig. S1 f). Although these pigment granule patches remained identifiable by their red color, the very small spots of ChR1 associated with these granules were not categorized as ChR1 patches in the analysis of fluorescence micrographs. In all cases (*n* = 80), ChR1 patches were associated with rootlets ([Fig. 6 c](#fig6){ref-type="fig"}). Though the specific identity of the supernumerary ChR1-associated rootlets in the mutant cells remains unknown, the consistent association between ChR1 patches and acetylated microtubule rootlets is supportive of the hypothesis that the cytoskeleton, specifically the microtubule rootlet structure, directs ChR1 localization.

Small ChR1 spots are located near the basal bodies
--------------------------------------------------

Microtubule rootlets could direct ChR1 localization by specific trafficking of the photoreceptor from points of delivery to the plasma membrane, posteriorly along the daughter four-membered rootlet, to the appropriate equatorial location. Microtubules are known to serve as tracks for intraflagellar transport (IFT), the movement of flagellar components into and out of the flagella. In *C. reinhardtii*, the isolation of mutants that are aflagellate and unable to swim has led to the identification and characterization of a large number of proteins involved in IFT. To determine whether proteins required for IFT are also required for photoreceptor localization, the following mutants, in which either anterograde or retrograde transport is defective, were analyzed by bright field and immunofluorescence microscopy: *fla3-1* (*ts* mutation in kinesin-associated protein of heterotrimeric kinesin-2; [@bib49]), *fla8-1* (*ts* mutation in a kinesin-2 motor subunit; [@bib46]), *fla10-1* (*ts* mutation in a kinesin-2 motor subunit; [@bib78]; [@bib76]; [@bib30]; [@bib46]), *fla15-1* (*ts* mutation in IFT44; [@bib57]; [@bib30], [@bib31]), *fla17* (*ts* mutation in IFT39; [@bib57]; [@bib30], [@bib31]), *bld1* (IFT52; [@bib6]; [@bib8]), and *stf1-1* (cytoplasmic dynein heavy chain 1b; [@bib51]; [@bib58]). Single eyespots at an approximately equatorial location were observed by bright field microscopy in all mutant cells (unpublished data). Immunofluorescence microscopy also confirmed the presence of a single equatorial patch of ChR1 in cells from all mutant cultures; representative micrographs of *fla8-1*, *bld1*, and *fla15-1* cells are shown in [Fig. 7 (a, b, and d)](#fig7){ref-type="fig"}. Therefore, the IFT proteins represented by the mutant strains analyzed, including the anterograde and retrograde motors kinesin-2 and cytoplasmic dynein, respectively, are not required for ChR1 localization.

![**Spots of ChR1 are located near the basal bodies in both wild-type and aflagellate mutant cells.** (a--d) Combined fluorescence micrographs of cells labeled with antiacetylated tubulin (green) and anti-ChR1 (red). The arrows point to anterior spots of ChR1. (a) Wild-type (cell with flagella) and *fla8-1* (aflagellate) cells were grown at 32°C and mixed before labeling. (b) *bld1* cells. (c) Wild-type cell. (d) Wild-type and *fla15-1* cells were grown at 32°C and mixed before labeling. (e) Distribution of the mean pixel intensity of the anterior ChR1 spot. The y axis indicates the percentage of wild-type (wt) or aflagellate *fla8-1* or *fla15-1* mutant cells (grown at 32°C) analyzed. The x axis indicates binned mean pixel intensities of fluorescence representing the brightest anterior spot of ChR1. X axis values were obtained from micrographs that contained images of both wild-type and aflagellate mutant cells grown at 32°C and mixed before methanol fixation. The wild-type values differed significantly from the values obtained from either *fla8-1* (P (0.05) = 2.35 × 10^−7^) or *fla15-1* (P (0.05) = 3.78 × 10^−5^) mutant cells.](JCB_201009131_RGB_Fig7){#fig7}

Although localization of the equatorial photoreceptor patch appeared normal in the IFT mutants, relatively small spots of anti-ChR1 fluorescence near the basal bodies were prominent in many of the aflagellate cells ([Fig. 7](#fig7){ref-type="fig"}, arrows). These spots appeared more peripheral than previously observed staining with antibodies specific for components of the basal body ([@bib12]; [@bib53]) or proteins involved in IFT ([@bib49]) and often appeared to be like handlebars flanking the basal bodies. Upon closer examination, very small anterior ChR1 spots were also present in some wild-type cells ([Fig. 7, c and e](#fig7){ref-type="fig"}). The level of ChR1-specific fluorescence in anterior ChR1 spots in aflagellate cells was compared with that in wild-type cells by measuring the mean pixel density of the brightest anterior spot in wild-type and *fla8-1* or *fla15-1* cells grown at the restrictive temperature and mixed before staining. Measurement of mean pixel intensities (see Materials and methods) indicated that a larger proportion of aflagellate cells had significantly higher levels of anterior ChR1-specific fluorescence. The distribution of mean pixel densities in wild-type cells compared with those of the aflagellate mutant cells is shown in [Fig. 7 e](#fig7){ref-type="fig"}. Though the IFT mutations examined here did not grossly affect ChR1 localization, an unidentified localization mechanism may be perturbed in cells that are unable to assemble flagella, resulting in the accumulation of anterior ChR1.

Discussion
==========

The *C. reinhardtii* photoreceptive eyespot is located at the equator of the cell, adjacent to the four-membered acetylated microtubule rootlet associated with the daughter basal body (D4). The asymmetric placement of the eyespot is necessary for the cell to swim toward or away from a light source. The eyespot photoreceptor ChR1 is a rhodopsin family light-activated cation channel localized to the plasma membrane directly above the eyespot pigment granule layers in the chloroplast ([@bib44]; [@bib50]; [@bib4]). Here, we have used immunofluorescence microscopy to analyze the relationship between the eyespot photoreceptor ChR1 and the four acetylated microtubule rootlets that extend from the basal bodies at the anterior end of the cell. Our data are consistent with the long-standing hypothesis that the asymmetric properties of the *C. reinhardtii* cytoskeleton direct eyespot placement ([@bib48]; [@bib28]; [@bib14]; [@bib13]). In addition, the data show that the product of the *MLT1* gene restricts ChR1 localization to the D4 rootlet and promotes equatorial assembly of the eyespot, perhaps via an effect on microtubule rootlet acetylation.

Both in wild-type cells and in *uni1* cells, which assemble a single flagellum from the mother basal body ([@bib29]), ChR1 was present in a single patch adjacent to the D4 rootlet. What directs asymmetric localization of ChR1 to the D4 rootlet? Photoreceptor localization is most likely independent of the organized assembly of pigment granule layers in the chloroplast. The correct asymmetric localization of an eyespot photoreceptor was hypothesized to be responsible for the restoration of photoresponses by all-trans retinal in a carotenoid-deficient strain that did not form observable pigment granule layers ([@bib39]). Similarly, ChR1 was observed in eyespotlike patches on one side of the cell in both *eye2* and *eye3* (eyeless) mutant cells ([@bib5]) that are devoid of observable pigment granule layers ([@bib38]; [@bib66]) and in *min1* (minieyed) mutant cells under conditions in which the pigment granules are disorganized and no longer apposed to the plasma membrane ([@bib38]; [@bib47]). However, the data do not rule out the possibility that other plastid components are required for photoreceptor localization. To determine whether the presence of aberrant rootlets (as opposed to the absence of pigment granule layers) led to altered localization of ChR1, we examined the eyespot phenotype of several mutant strains with variable numbers of basal bodies and disorganized cytoskeletons caused by mutations in cytoskeletal proteins. In *bld2-1* cells, in which a mutation in ε-tubulin disrupts basal body assembly and microtubule rootlet organization ([@bib22]; [@bib14]), ChR1 remained associated with acetylated microtubules. In *asq2-1* or *vfl2* cells, which contain mutations that disrupt basal body assembly and/or segregation ([@bib74]; [@bib17]), ChR1 remained associated with acetylated microtubule rootlets in the 20--30% of cells with two ChR1 patches. The observation that cells with mutations in cytoskeletal components have supernumerary ChR1 patches associated with acetylated microtubules identifies photoreceptor localization as a downstream effect of cytoskeletal organization.

In both wild-type cells and in the cytoskeletal protein mutant cells analyzed, not all acetylated microtubules were associated with patches of ChR1. These data underscore the specificity of the eyespot photoreceptor for only a subset of acetylated microtubules, presumably those that are analogous to the D4 rootlet in wild-type cells. The *MLT1* gene product promotes this specificity for the D4 rootlet. In nearly half of *mlt1* mutant cells with two or more ChR1 patches, a photoreceptor patch was associated with a rootlet other than D4. The analysis of *mlt uni1* double mutant cells showed that the most posterior photoreceptor patch was associated with a daughter rootlet in 82% of the cells examined, but the second most posterior patch was distributed equally between the mother and daughter halves of the cell. We have formulated two hypotheses to explain these observations: one is based on asymmetric localization of MLT1, and the other is based on the timing of *MLT1* expression and/or function. Mother basal bodies differ from their daughters in having fewer "tiers" present in the distal cartwheel structure ([@bib19]) and in their competence to assemble a flagellum in the *uni* mutant background ([@bib29]; [@bib11]; [@bib54]; [@bib53]). The association of the *MLT1* gene product with either the mother or the daughter basal body and/or rootlets could block (mother) or promote (daughter) ChR1 localization; however, this does not explain the correct placement of the most posterior eyespots in *mlt1 uni1* cells. The *uni* phenotypes have prompted the hypothesis that after cell division, daughter basal bodies undergo a maturation process before flagellar assembly ([@bib10]; [@bib27]). Asymmetric localization of MLT1 may not be necessary for assuring the asymmetric localization of ChR1 until after the daughter structures have matured. Alternatively, the eyespot may be assembled initially at the correct location with cues from mother--daughter cytoskeletal differences that are independent of the *MLT1* gene product. Subsequent to daughter basal body maturation, *MLT1* expression and/or function would block all new eyespot formation in the cell.

How is ChR1 localized to a specific equatorial patch of plasma membrane adjacent to the D4 rootlet? In addition to the photoreceptor patch at the eyespot, ChR1 was observed in smaller spots that were peripheral to the basal bodies and along the D4 rootlet in close association with the acetylated microtubules. In edge-on micrographs in which the ChR1-specific fluorescence was resolved from that of acetylated tubulin, the stripe was observed along the outer edge of the microtubules. The observed pattern of ChR1 localization could result from random diffusion of the photoreceptor within the plasma membrane until binding sites associated with the D4 microtubules are encountered. Alternatively, ChR1 may be targeted from the trans-Golgi to regions near the base of the flagella, as has been reported for components of the flagella ([@bib76]; [@bib51]; [@bib8]; [@bib60]; [@bib3]), and may associate, directly or indirectly, with the anterior portion of the D4 rootlet. ChR1 might then diffuse along the rootlet to its final equatorial location or might associate with a microtubule-based motor that moves toward the plus end of the D4 microtubules. Mutations in components of the *C. reinhardtii* heterotrimeric kinesin-2 required for anterograde IFT did not disrupt ChR1 localization to equatorial patches adjacent to D4. However, the *C. reinhardtii* genome encodes at least 20 other proteins with predicted kinesin motor domains ([@bib62]), one or more of which might participate in ChR1 transport along the D4 rootlet.

Whatever the mechanism of ChR1 transport, the *MLT1* gene product promotes the equatorial placement of the eyespot. ChR1 patches were more anterior in *mlt1* cells than in wild-type cells, and up to 10% of *mlt1* cells accumulated ChR1 at the anterior end of the cell near the basal bodies. Acetylated D4 length was also reduced in *mlt1* cells. Perhaps, as has been observed in other systems ([@bib25]), microtubule acetylation and/or other posttranslational modifications affected by the *mlt1* mutation promote ChR1 trafficking along the D4 rootlet. The observation that acetylation did not extend to the end of the D4 microtubules in 22% of cells examined implies that rootlet acetylation is regulated. An effect of *MLT1* on the regulation of D4 acetylation at a specific time during the cell cycle could explain the loss of both specificity for and posterior movement along the D4 rootlet in *mlt1* mutant cells. *MLT1* might also affect ChR1 localization via effects on the actin fibers associated with the microtubule rootlets ([@bib14]; [@bib13]) or on the striated microtubule-associated fibers that form an asymmetric cross at the anterior ends of the four rootlets ([@bib40]; [@bib41]). Visualization of ChR1, acetylated microtubules, and other proteins potentially involved in ChR1 localization throughout the cell cycle in both wild-type and mutant cells should help define the mechanism of photoreceptor localization.

Is localization of the photoreceptor or of associated plasma membrane and cytoplasmic components of the eyespot sufficient for localization of the eyespot pigment granule layers in the chloroplast? In *asq2-1*, *vfl2*, *mlt1*, and *mlt1 uni1* cells, the pattern of pigment granule layer localization observed by bright field microscopy was similar to localization of the photoreceptor patches observed by immunofluorescence, and, in *mlt1* cells, the presence of multiple assemblies of organized pigment granules was verified by EM ([@bib38]). This correlation is consistent with the hypothesis that an aberrantly localized photoreceptor promotes the assembly of the associated pigment granules. Alternatively, each mutation might independently affect placement of both the photoreceptor and the pigment granule layers by altering a common component of both localization pathways, such as the D4 rootlet. A model in which asymmetric localization of ChR1 via cytoskeletal-directed trafficking is required for assembly of the pigment granule layers in the chloroplast can be tested by the construction and phenotypic analysis of cells with mutations in ChR1 and/or the photoreceptor localization pathway. A detailed description of the mechanism by which the coordinated asymmetric placement of eyespot components in both the plasma membrane and the chloroplast is achieved will add to our understanding of asymmetry in all eukaryotic cells.

Materials and methods
=====================

Strains and media
-----------------

*C. reinhardtii* wild-type strain 137c *mt*^+^ (stock CC-125; *Chlamydomonas* Center, Duke University) was used throughout this study. The *mlt1* mutant strain 12--10 (137c *mlt1 mt^+^*) was obtained by UV mutagenesis of strain 137c *mt*^+^ followed by screening for mutants that were unable to phototax ([@bib38]). Six *mlt1 uni1* double mutant strains were obtained from a cross of strain 12--10 *mt*^−^ (*mlt1 mt*^-^) to strain *uni1-1 mt*^+^ (CC-1926). From this cross, 51 tetrads yielded 17 parental ditypes, 3 nonparental ditypes, and 31 tetratypes. The six double mutant spores from the three nonparental ditype tetrads were used for further analysis. *asq2-1* (CC-4301) was a gift from W. Marshall (University of California, San Francisco, San Francisco, CA). All other strains were obtained from E. Harris (Duke University, Durham, NC) and M. Laudon (University of Minnesota, St. Paul, MN) at the *Chlamydomonas* Resource Center and are cataloged as follows: *vfl2* (CC-2530), *bld2-1* (CC-478), *fla3-1* (CC-4283), *fla8-1* (CC-1396), *fla10-1* (CC-1919), *fla15-1* (CC3861), *fla17-1* (CC-3863), *bld1* (CC-477), and *stf1-1* (CC-3915).

*C. reinhardtii* cultures were maintained on solid Tris-acetate-phosphate (TAP) medium or TAP + 0.2 mg/ml arginine ([@bib27]). For phototaxis assays or microscopy, cells from 2--3-d solid TAP medium cultures were used to inoculate liquid-modified Sager and Granick medium I with Hutner's trace elements (M medium). The liquid cultures were grown photoautotrophically for 16--20 h at either 25°C or at 32°C (restrictive temperature for temperature-sensitive mutant strains). All cultures were grown under continuous light.

Light microscopy
----------------

10 µl of an overnight liquid culture was spotted onto a microscope slide and coverslipped. The cells were viewed with a microscope (DMRXA; Leica) using a PL APO 100×, 1.4 numerical aperture oil immersion objective (Leica) with a 1.6× optivar (1 pixel = 0.039 µm) and bright field optics. After 5--10 min on the slide, the flattened, less motile cells were photographed. Images were captured with a camera (Retiga EX-cooled CCD; QImaging) driven by MetaMorph v.6.1.2 software (Universal Imaging).

Immunofluorescence labeling
---------------------------

Inocula from fresh cultures on solid medium were transferred to 2 ml of liquid M medium and grown overnight at 25 or 32°C (restrictive temperature for strains *fla3-1*, *fla8-1*, *fla10-1*, *fla15-1*, and *fla17-1*) under continuous light. Cells were harvested from 0.5 ml of culture at 2,700 *g* for 10 min, resuspended in *C. reinhardtii* autolysin prepared from strains 4A^+^ and 1B^−^ (a gift from P. Hamel, Ohio State University, Columbus, OH), and incubated for 1 h at room temperature. The cells were harvested, resuspended in PBS, spotted onto 10-well poly-[l]{.smallcaps}-lysine--coated slides, allowed to settle for 10 min at room temperature, and then dipped into −20°C methanol for 20--30 s. After a brief drying period, the cells were incubated in block buffer (1× PBS and 1% BSA) for 1 h at room temperature and then overnight at 4°C with block buffer containing 1:50 polyclonal anti-ChR1 (a gift from P. Hegemann, Humboldt-Universität zu Berlin, Berlin, Germany; [@bib4]) plus 1:10 monoclonal antiacetylated tubulin, clone 6-11B (Sigma-Aldrich; [@bib56]). The cells were washed four times for 10 min in wash buffer (block buffer plus 0.1% Tween-20) and incubated in 1:1,000 donkey anti--rabbit Alexa Fluor 594 plus 1:1,000 goat anti--mouse Alexa Fluor 488 (both from Invitrogen) for 2 h at room temperature. After rinsing with wash buffer followed by PBS, cells were coverslipped using either a hard set mounting medium (VectaShield; Vector Laboratories) or a mounting medium (Mowiol; EMD) prepared as follows: 2.4 g MOWIOL 4--88 Reagent (EMD) was added to 6 g glycerol, stirred, combined with 6 ml of water, stirred at room temperature for 2 h, combined with 12 ml of 0.2-M Tris, pH 8.5, and heated to 50°C for 10 min. The solution was clarified by centrifugation at 5,000 *g* for 15 min and stored in airtight tubes at −20°C. For experiments that included antibodies directed against tubulin, the cells were cultured and treated as described in this section, except for the −20°C MeOH treatment, which was extended to 20 min. Microtubules were labeled with either 1:200 antitubulin (clone DM 1A) directly conjugated to the Alexa Fluor 488 (eBioscience; [Fig. 3, a and c](#fig3){ref-type="fig"}) or with 1:50 unconjugated antitubulin (clone DM 1A; Sigma-Aldrich; [Figs. 3 b](#fig3){ref-type="fig"} and [4 c](#fig4){ref-type="fig"}). When the latter antibody was used, isotype-specific secondary antibodies directed against the antiacetylated tubulin (anti--mouse IgG2b Alexa Fluor 488; Invitrogen) and antitubulin (anti--mouse IgG1 Alexa Fluor 647; Invitrogen) primary antibodies were used for detection.

Immunofluorescence microscopy
-----------------------------

For the images in [Figs. 2 (j--l)](#fig2){ref-type="fig"} and [4 b](#fig4){ref-type="fig"}, fluorescence was viewed with a DMRXA microscope using a plan apochromat 100×, 1.4 numerical aperture oil immersion objective with a 1.6× optivar (1 pixel = 0.039 µm) and a filter set (Chroma 71001A; Chroma Technology Corp.). 1- or 2-s exposures were captured using a Retiga EX-cooled CCD camera driven by MetaMorph v.6.1.2 software. To produce the final image, the summed maxima of up to 10 images from a Z series (captured at 0.5-µm intervals) for each wavelength were colored (red for Alexa Fluor 594, green or blue for Alexa Fluor 488, and blue for Alexa Fluor 647), merged and adjusted for brightness in ImageJ software (National Institutes of Health), and cropped and sized in Photoshop (Adobe Systems Inc.).

For the remainder of the images, fluorescence was viewed using a live cell imaging system (Deltavison RT; Applied Precision) with a 100×, 1.4 numerical aperture objective (Olympus) with a 1.6× optivar and appropriate filter sets. Images were captured with a camera (CoolSnap HQ CCD; Photometrics). Postacquisition deconvolution was performed using SoftWorx software (Applied Precision). The final images were produced as described for [Figs. 2 (j--l)](#fig2){ref-type="fig"} and [4 b](#fig4){ref-type="fig"} in this section.

Data analysis
-------------

Distances R1 (from the basal bodies to the posterior end of the longest aceylated rootlet), R2 (from the basal bodies to the posterior end of the second longest aceylated rootlet), and L (cell length) in wild-type and *mlt1* cells were obtained from the summed Z series for Alexa Fluor 488 (specific for antiacetylated tubulin) using the MetaMorph measure distance tool. Distances E1 (from the basal bodies to the posterior edge of ChR1 patch fluorescence), E2 (from the basal bodies to the posterior edge of the second most posterior ChR1 patch), and L (cell length) in wild-type, *mlt1*, or *mlt1 uni1* cells were obtained using the SoftWorx measure tool. The distance measurements were transferred to a spreadsheet (Excel; Microsoft), which was used to obtain the mean and SD values presented in [Table I](#tbl1){ref-type="table"} and in the text. Excel was also used to determine the p-value (at α = 0.05) reflecting the statistical significance of differences between the measurements obtained from wild-type versus *mlt1* or *mlt1 uni1* cells using the two-sample (assuming unequal variances) *t* test ([Table I](#tbl1){ref-type="table"}).

For [Fig. 7 e](#fig7){ref-type="fig"}, the SoftWorx data inspector tool was used to determine the mean pixel value within a 15 × 15--pixel square surrounding an anterior "spot" of ChR1-specific Alexa Fluor 594 fluorescence in wild-type (flagellate) or mutant (aflagellate) cells that had been mixed before immunolabeling. A mean background pixel intensity (mean value of 15 × 15--pixel squares measured from elsewhere in the cell body of each cell) was subtracted from each anterior spot value, and mean and SD values were obtained in Excel as described in this section. Using the two-sample (assuming unequal variances) *t* test, the values obtained from wild-type cells (*n* = 66) differed significantly from those obtained from either *fla8-1* cells (*n* = 64) or *fla15-1* (*n* = 43) cells (P (0.05) = 2.35 × 10^−7^ and 3.78 × 10^−5^, respectively).

Figures
-------

Figures were produced using Illustrator (Adobe Systems Inc.) to combine the final images (imported as TIF files from Photoshop) with text and diagrams. The graph in [Fig. 7 e](#fig7){ref-type="fig"} was produced in Excel and copied to the Illustrator file.

Online supplemental material
----------------------------

Fig. S1 shows bright field micrographs of aberrant eyespots in *asq2*, *vfl2*, and *bld2* mutant cells; images were obtained as described in the Light microscopy section. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201009131/DC1>.
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